In this work, a novel strategy is developed to solve the issue of mutually exclusive high mechanical robustness and thermo-stability for thermoplastic polyurethane (PU). A leaf-like and reticulate interfingering superstructure can be seen. The superstructure of polyurethanes can also be tuned by the polarity of chain extender molecular via changing the number for ferrocene redox centres, thus to further enhance the thermal stability and elasticity of PUs. As a result, by incorporating bisferrocene units into the main chain of PU, a high-performance PU elastomer can be synthesized with a highest initial degradation temperature of T 5% of 345 C, a highest tensile strength of 42.3 MPa with an elongation over 1000%, as well as a toughness of 19.6 GJ m
Introduction
Thermoplastic polyurethane (PU) elastomers as the third generation rubbers combine the physical and mechanical properties of vulcanizates with the processability of thermoplastics, 1 reecting structural variability, performance controllability etc. PUs usually consist of alternating hard segments (HSs) and exible diols structure of so segments (SSs) to exhibit different mechanical and thermal properties. Therefore, there is a huge consumption of PUs in the global plastic application market at high growth rate. [2] [3] [4] [5] Recently it also shows interesting applications in self-healing materials, [6] [7] [8] stimuliresponsive materials, [9] [10] [11] [12] and exible conductive materials. 13 Meanwhile, concerns about the poor heat resistance of PUs limit their further applications. 14 The mechanical properties of PUs will be greatly reduced when the operating temperature is above 120 C.
15
Generally, the initial thermal degradation of PUs starts from the breakdown of urethane groups in hard segments at the temperature range from 180 to 300 C, and then the degradation of so segments at higher temperatures. 16 The rst degradation step of hard segment is the most important one because it decides the highest operating temperature for PUs. Many efforts have been made to modify the HSs to be high heatresistant to increase the thermo-stability of PUs. For example,
Si-O,
17-20 metallic organic polymers 21, 22 and heterocyclic 23, 24 have been shown to be effective to improve the thermo-stability, but still with a low stress modulus and strain behaviours. The high elasticity and high modulus of PUs were dependent on the aggregates of phase-separated. 25 However, it is still difficult to rationally adjust the distribution of crystal and amorphous phases to avoid turning into obvious crystallization or clustering of polymers to result in a brittle superstructure. 26, 27 In other words, it seems to be mutually exclusive to achieve high mechanical robustness and thermo-stability. Therefore, it is still a great challenge to improve the heat resistance of PUs whilst achieving excellent mechanical properties.
Herein we are interested in adapting chemistry strategies to tune the chain extenders structure to solve above mutually exclusive issues. (1) Ferrocene derivatives were introduced as chain extenders into the backbone of polymers to improve the thermo-stability, due to their intrinsic heat-resistant and radical capture abilities. [28] [29] [30] The thermo-stability and thermal decomposition of these PUs were characterized by simultaneous TGA-QMS analyzer and attenuated total reection-fourier transform infrared (ATR-FTIR) spectroscopy. (2) Then those chain extenders were functionalized with ester groups to provide extra H-bonds sites to enhance modulus for polyurethanes. However, a large amount of H-bond will also induce unfavourable crystallization in polymer, thus decrease the mechanical performance obviously. (3) Finally, to avoid this situation, the superstructure of those polyurethanes can also be tuned by the polarity of chain extender molecular via changing the number for ferrocene redox centers, to provide more molecular spatial freedom to tune the crystallinities and phase separation of those polyurethanes. The crystallinities and morphology of these PUs were characterized by Differential Scanning Calorimeter (DSC), Small-Angle X-ray Scattering (SAXS), Wide-Angle X-ray Diffraction (WAXD), Polarizing Optical Microscope (POM) and Scanning Electron Microscopy (SEM). As a result, a highperformance thermoplastic polyurethane elastomer polymer have been synthesized by using 6, 6 0 -bis [1-methyl-2-(b-hydroxyethyl)ester- 
Characterizations
The 1 H NMR and 13 C NMR spectra was recorded on Superconducting Pulse Fourier Transform Nuclear Magnetic Resonance spectrometry (Varian UNITY INOVA 600NB). Attenuated total reection-Fourier transform infrared (ATR-FTIR) spectroscopy was recorded over the range from 4000 to 600 cm À1 by using a Nicolet 6700 spectrometer.
Gel permeation chromatograph (GPC) analysis of all the samples was performed on a Waters-1515 using DMF-LiBr as an eluent and polystyrene (PS) as standards. The sample concentration was 2-3 mg mL À1 and the ow rate was 0.800 mL min
The crystallization morphology of polyurethane lms was observed through a Polarizing Optical Microscope (POM, Olympus OPTEC BK-POL) with 4Â magnication.
The microstructures of the polyurethane lms were observed on Scanning Electron Microscope (SEM, SU8010, Hitachi) with an accelerating voltage of 20 kV. Before the observation, all lms were frozen in liquid nitrogen and then immediately snapped.
The fractured surfaces of the sheets were sputtered with gold and then observed and photographed.
Thermogravimetric analysis (TGA) of all the samples was carried out on a TA TGA/DTG Q800 (Discovery) instrument. Simultaneous thermogravimetry-quadrupole mass spectroscopy analyzer (TGA-QMS, STA 449 F3 & QMS 403D) was used to detect the release of CO 2 during the thermal decomposition of polymers. Around 2.5 mg sample was placed into an alumina pan at a heating rate of 10 C min À1 from 50 to 700 C under N 2
atmosphere. Thermal analyses of the polymers were per-formed under a N 2 atmosphere through differential scanning calorimeter (DSC) using a TA Q200 operated at heating and cooling rates of 10 C min
À1
, holding for 5 min at 240 and À80 C, respectively.
Dynamic mechanical property of PU lms were analysed in TA DMA Q800 by tension mode at a constant frequency of 1 Hz. The rectangular sample used in this testing was approximately 40 mm Â 5.0 mm Â 0.2 mm in dimensions. All the samples were rst cooled to À100 C by liquid nitrogen and then scanned within the temperature range À100 to 70 C at a heating rate of 3 C min À1 .
Small-Angle X-ray Scattering (SAXS) and Wide-Angle X-ray Diffraction (WAXD) Measurements. SAXS and WAXD data for the PUs were acquired at the SAXSess mc2 facility in Austria. For SAXS measurements, the radiation wavelength of X-ray is 0.154 nm. The beam size is 1.2 Â 0.6 mm (H Â V). For WAXD measurements, the data were reduced from the 2D format to 1D by integrating with Fit2D. Both sets of data were expressed in terms of the wave vector, q, where q ¼ 4p sin q/l.
The tensile properties of polyurethane lms were investigated by Universal Testing machine (model BESTE KJ-1065, China) operated at a crosshead peed of 50 mm min À1 (2.0 min
) with a load cell of 5 kN. Each sample was repeated for 5 times to get the average values. The dumbbell samples used in this testing were approximately 70.0 mm Â 5.0 mm Â 0.2 mm in dimensions. An initial length was set to be 25 mm. The cyclic testing was also performed using tensile tester to evaluate elastic property of the PUs. Tensile and retraction rates were set to be 2.0 min À1 . Activation energy (E a ) of non-isothermal kinetics of thermal decomposition was calculated based on Arrhenius equation (k(T) ¼ A exp(ÀE a /RT)), as described elsewhere.
16,31 The Doyle's approximation of the Flynn-Wall-Ozawa (FWO) method is used for temperature integration as shown in the following equation:
where A refers to the pre-exponential factor; R refers to the gas constant, ¼ 8.314, T is temperature, and b refers to the heating rate, ¼ dT/dt ¼ constant.
Results and discussion

Synthesis of PUs extended by ferrocenyl-diol
The polyurethanes were prepared via a 2-step reaction. As illustrated in Scheme 1, the prepolymer was prepared by the polymerization reaction between diols (-OH) propyl]bisferrocene(bisFc), were adapted as chain extenders in this work. BDO is an aliphatic structure, monoFc is estercontaining structure with only one aromatic ferrocene center, and aromatic bisFc is also an ester-containing structure but with 2 polar ferrocene centers. And then the prepolymers will undergo further polymerization reaction with chain extenders to prepare nal products of polyurethanes. As shown in Fig. S10 , † the d shis of 13 C-NMR at 80.12 and 79.98 ppm corresponds to the cyclopentadienyl carbon which conrms the successful incorporation of ferrocenyl diol into the polymer via chain extension. Due to the steric and aromatic effect from the ferrocenyl molecular center, the d for C]O in urethane (-NH-COO-) shied from 155.88 ppm in BDO-PU to lower d shis in monoFc-PU and bisFc-PU polymers. Meanwhile, in order to have a fair comparison for the nal product polymers to understand the inuence from these different chain extenders, these polyurethanes were prepared with a high average molecular weight (M n ) within the range from 2.9 Â 10 4 to 3.0 Â 10 4 g mol À1 and a narrow polydispersity index, respectively (Table   1 and Fig. S1 †) .
Thermo-stability properties
The thermo-stability of the initial degradation temperature (T 5% corresponds to 5% mass loss) of above polyurethanes were investigated by thermogravimetric analysis (TGA) method. As shown in Fig. 1a and S2 , † BDO-PU shows a lowest T 5% below 300 C. BDO-PU is usually unstable at temperatures higher than 230 C due to the decomposition of urethane bond and transurethane reaction, thus limits its further application. 32 Aer introducing monoFc diols as the chain extenders into PU chains, T 5% are increased to 320 C. And it can further reach to a higher T 5% of 345 C with using the bisFc as the chain extender. Meanwhile, the decomposition temperature of T max for monoFc-PU and bisFc-PU were also increased by 50 C and 70 C than the one of BDO-PU, respectively.
Fig. S3 † shows that there was no sharp melting peak for hard segments, because the crystallization degree was not enough to form one obvious melting peak when the hard segment content is low (23%-35%) or higher molecular weight of so segment (>1000 g mol À1 ). 33 We could still nd a few small endothermic C for BDO-PU, and began to decompose when close to 200 C. However, aer the ferrocene units were introduced into the hard segments, T m,H of monoFc-PU was increased to 171.6 C and 204.1 C, T m,H of bisFc-PU could reach to 219.6 C. It is shown that ferrocene in the hard segments is helpful to improve the thermal stability of polyurethane. In addition, the wider melting peak may be related to the organizational differences of crystal phases in the superstructure for PUs. The inuence of ferrocenyl diols was also further investigated by the comparison of activation energies (E a ) for BDO-PU and BisFc-PU (Fig. 1b and see details in Table S1 †) . The E a for the degradation of BDO-PU was gradually increased to 100 kJ mol À1 for the reaction conversion of 0 < a < 5% due to the breakdown of urethane and the E a was decreasing during the further degradation until a around 30%. This indicates that the breakdown of urethane of BDO-PU will be accelerated during the thermos-degradation process. However, the E a for bisFc-PU was sharply increased to around 130 kJ mol À1 and levels until a around 20%. This indicates the thermo-degradation for bisFc-PU requires more energy to activate the breakdown of urethane. And the further degradation required a much higher E a of 230 kJ mol À1 during the decomposition stage of 30% < a < 80%.
As a result, the E a required to degrade bisFc-PU was more than 2 times compared to the one for BDO-PU. Thus the presence of ferrocenyl molecular centers can effectively retard the degradation of urethane in polyurethanes. The hard segments in PUs usually rstly degrade to form isocyanate, alcohol, and CO 2 , etc.
14 Thus temperaturedependent attenuated total reection-Fourier transform infrared (ATR-FTIR) spectroscopy technique was also adapted to analyse the decomposition of urethane groups in these polyurethanes. As shown in Fig. S4 , † the bonded N-H stretching band of BDO-PU were decreasing gradually, and the free N-H increased rapidly when the treating temperature increasing from 150 to 325 C, 34, 35 while it had hardly changed in monoFc-PU and bisFc-PU. Until 375 C, the N-H deformation band of them appeared to be weakened and split into two peaks. It implies that ferrocene units in the hard segments can obstruct the fracture and decomposition of N-H bonds. It also proves this point that the N-H in plane stretching band and C-N stretching band still exists in bisFc-PU until 375 C. Therefore, although the C]O of urethane stretching vibration peak intensities were decreasing greatly for BDO-TPU, it was still obvious in monoFc-PU and bisFc-PU. In addition, the C]O stretching band of urea increased dramatically when the temperature was up to 325 C. However, a wide peak band of 1651 cm À1 was generated in BDO-PU, which was different from monoFc-PU and bisFc-PU that tended to form narrow bands near 1640 cm À1 . It illustrates that the thermal decomposition process of PU will be accompanied by the formation of urea structure, but ferrocene may induce the formation of urea structure with low wavenumber of C]O bands. Further investigation on the thermos-stability was conrmed by the Thermogravime-Quadrupole mass spectrometry (TG-QMS) coupling methodology result as shown in Fig. 1c . The emission of CO 2 during the thermal decomposition started at a temperature of 325 C for BDO-PU while it was retarded until 370 C for bisFc-PU. As a result, the incorporation of ferrocenyl derivatives as the chain extenders are able to enhance the thermo-stability of urethane greatly so as to improve the Fig. 1 (a) The initial degradation temperature (T 5% ) and initial stage decomposition temperature (T max ) of polyurethanes derived from the thermogravimetric analysis (TGA); (b) the comparison of activation energy (E a ) for BDO-PU and bisFc-PU versus conversion a; (c) the thermogravimetry-quadrupole mass spectroscopy (TG-QMS) shows the release of CO 2 during BDO-PU and bisFc-PU degradation from 100 to 775 C.
thermo-stability of PUs. And the degradation temperature of polyurethanes will also be increased by the number for ferrocenyl molecular centers.
Morphology
The thermal behavior of the PUs was investigated by differential scanning calorimeter (DSC). Fig. S3 † shows that T m,H of PUs increased with an increase in the number of ferrocenyl molecular centers. An increase in T m,H generally leads to a higher degree of phase separation. 36 In addition, the thermal transition temperature of the hard segment (T g,H ) is not as easily observed as that of the so segment phase. With the exception of BDO-PU, T g,H of monoFc-PU and bisFc-PU occurred in 129 C and 170 C, respectively. Fig. S6 † shows WAXD proles for BDO-PU, monoFc-PU and bisFc-PU. In the WAXD prole for -(MDI-BD) n -, the crystalline peaks could be observed at q ¼ 13. ). The intensity of crystalline peak of bisFc-PU was much higher than that of monoFc-PU, presumably due to larger cohesive force of bisferrocene and the formation of wellorganized crystallized hard segment domains. 36 Therefore, it is reasonable to prove the existence of the crystalline phase. Fig. 2 shows ATR-FTIR spectra in the ranges (a) N-H and (b) C]O stretching band regions for BDO-PU, monoFc-PU and bisFc-PU. Because of the hydrogen bonding, the N-H group splits into two peaks in the expansion region. For all PUs, their hydrogen-bonded N-H groups with ether oxygen (n(N-H ether )) and urethane carbonyl groups (n(N-H carbonyl )) were observed at 3303 cm À1 , and free one (n(N-H free )) were at 3446 cm À1 .
34,35
The ratio of In(N-H H-bond ) to In(N-H free ) (In(N-H H-bond )/In(N-H free )) for BDO-PU was the largest. The peak width of monoFc-PU and bisFc-PU were much broader than for BDO-PU. Hence, it is likely to consider that N-H groups in monoFc-PU and bisFc-PU form many kinds of hydrogen bonds with ether and carbonyl groups, 36,37 especially two kinds of novel chain extenders were functionalized with ester groups. Moreover, the hydrogen- ) for monoFc-PU and bisFc-PU were close to each other and much smaller than the BDO-PU. These observations reveal that the hydrogen-bonded hard segment domains are formed well in BDO-PU, but those are not done in monoFc-PU and bisFc-PU. Furthermore, the glass transition temperatures (T g,S ) of the so segment chains increased in the following order: BDO-PU / monoFc-PU / bisFc-PU (Fig. S5 †) . These observations suggest that compared with BDO-PU, more isolated hard segments of monoFc-PU and bisFc-PU enter the so-segment phases because of higher T g,S and ATR-FTIR data. However, there is p-p stacking interaction between Cp ring of ferrocene and benzene ring, which also affect crystallization and microphase separation.
Hu et al. pointed out that the relative crystallinity (X c ) of so segments was a more sensitive criterion for distinguishing the degree of phase separation than T g,S measurements in those highly segregated material. 38 Obvious endothermic peaks were observed in the temperature range of 10 to 30 C as shown in Fig. S5 . † This is due to the melting of partially crystallized so segment chains. 36 X c of the so segments had increased from 12.5% to 17.5% or 13.0%, when the chain extender was changed from BDO to monoFc or bisFc. Combining with the T m,H and T g,H of the hard segments, it seems reasonable to conclude that the degree of microphase separation of the monoFc-PU and bisFc-PU is higher than BDO-PU. These two chain extenders containing ferrocene, as one part of the hard segments, which have a structure signicantly different from that of the so segments, will be less compatible with the so-segment phases.
38
SAXS measurements were also conducted on these samples to investigate the polymer morphology. 39 As shown in Fig. S6 , † weak and broad shoulder scattering peaks in the q range from 0.1 to 1.0 nm À1 were detected in the SAXS proles for PUs. It seems that there is microphase separation for all PUs.
40,41
Polyurethanes with hard-segment contents of 38% or lower (Table 1 ) have a discontinuous hard microdomain structure.
41
Introducing ferrocene into the PU chains induced a peak shi to high q region. Based on Bragg's law, the interdomain spacing d ¼ 2p/q max , thus BDO-PU, monoFc-PU and bisFc-PU had one feature size of 16.2 nm, 13.0 nm and 13.4 nm, respectively. This phenomenon is likely to be caused by the higher cohesive energy of monoFc-PU and bisFc-PU, which was claried by DSC, ATR-FTIR and WAXD. The morphologies of the superstructure in those polymers were observed by polarized optical microscope (POM). The superstructure is formed based on the hard segment domains and a surrounding so segment matrix. Bright-eld images acquired in reection mode shows that the polymeric lm contained both an anisotropic crystalline phase mainly resulted from hard segments components and an isotropic amorphous phase at room temperature. As shown in Fig. 3a , BDO-PU exhibits a typical superstructure with the crystalline phases dispersed in continuous amorphous phases. Such morphology will enable it to exhibit an acceptable mechanical performance due to the noncovalent cross-linking among PU polymer chains. 25, 33, [42] [43] [44] Taking ester-containing monoFc diols as chain extender, the polymers tend to form superstructure within size of 7-70 mm (Fig. 3b) . This should be due to the crystallization of the polymers induced by the large amount of H-bonds from the esters groups and the p-p forces of the Cp rings. Interestingly, aer replacing the chain extender with bisferrocenyl diol, the size of superstructure for bisFc-PU was only about 1 mm to 20 mm and closes to BDO-PU. Moreover, a coarse-textured and reticular superstructure for bisFc-PU was developed, which is more obvious than the one of BDO-PU (Fig. 3c) . It is believed that a less ordered H-bonded geometrical structure will not induce crystallization and bisferrocene structure will also provide a high spatial freedom of structure conformation to regulate the phase transformation. 26, 45, 46 The presence of the extra ester groups will enhance the noncovalent crosslinking interaction among the polymers network, while bisFc molecular is able to tune the polarity of the hard segments, thus a phase separated and superstructure of polyurethanes can be obtained with a relatively low crystallinity.
Scanning electron microscopy (SEM) was used to study the fracture morphology and supramolecular structure of those PUs. As we can nd in Fig. 4 and S7, † fracture appearance is almost the same except for some phase separation and crystal structure. From the Fig. 4a , morphology of BDO-PU was also relatively smooth. Phase separation occurs on a very small scale (Fig. S7 †) . By contrast, when introducing ester-containing monoFc or bisFc diols as chain extender, the phase separation was more obvious, which was consistent with the previous POM observations and crystallinity conditions measured by DSC (Fig. S5 †) . This indicates that changing the number of ferrocenyl molecular centers in the polymer chain will greatly inuence the superstructure of PUs. Fig. 4b shows that the granular and wafer-shaped morphology, with inhomogeneous size, distributed in the fracture surface of monoFc-PU lm. However, the fracture surface of the bisFc-PU is very rough with numerous grooves, as shown in Fig. 4c . Morphology of the sample belongs to the elastic fracture.
47,48 Fig. 4d is a magnied image of the marked region in the bottom part in Fig. 4c . Morphology in this area is quite interesting. It can be clearly observed that the sample exhibits a prole of leaf-like micro/ nanostructure. 49 The size of each whole superstructure was about ca. 500 nm to 1 mm, which is consistent with the previous POM observations. Moreover, it can be found that all around those leaf-shaped morphology had numerous ner granular crystal group, the size of which were less than 40 nm, as shown in Fig. S7 . †
Mechanical properties
Furthermore, stress-strain behaviors of the above PUs lms were shown in Fig. 5a . The results of their tensile strengths (s max ), elongations (3 max ), Young's modules and toughness were also illustrated in Table S1 . † The superior mechanical behaviors of bisFc-PU can be obviously distinguished from the ones of BDO-PU and monoFc-PU. The value of Young's modulus decreased in the following order: bisFc-PU > BDO-PU > monoFc-PU. According to the ATR-FTIR (Fig. 2) , there is more isolated hard segment domains in monoFc-PU and bisFc-PU than of BDO-PU, but the strain-induced crystallization for bisFc-PU was more pronounced than in monoFc-PU and BDO-PU. This implies that the mechanical properties of PUs not only depend on hard segment domains. The tensile strength (s max ) of bisFc-PU was around 42.3 MPa with a strain over 1000% which was 1.54 times higher than BDO-PUs and 7.05 times higher than monoFc-PU. It can be found from SAXS that the size of microdomains for bisFc-PU was close to monoFc-PU, and was smaller than BDO-PU. According to POM and SEM observation, one reticular superstructure of bisFc-PU was formed with the amorphous region and the small size of crystalline region. This texture superstructure can give full play to the rigidity of hard segments and exibility of so segments to dispersing stress, and eventually to improve the tensile strength and toughness of PUs at the same time. The toughness of bisFc-PU was the highest compared with the others, which reach to 19.6 GJ m À3 . Fig. 6 shows cycle test data of BDO-TPU, monoFc-PU and bisFc-PU. The stress values of bisFc-PU at each cycle are all higher than of BDO-PU and monoFc-PU. These results are consistent with the data via stress-strain and strongly suggest higher mechanical properties of bisFc-PU. To investigate the elastic property, residual strain (3 r ) was normalized by maximum imposed strain (3 m ). 36 The normalized residual strain (3 r /3 m ) (Fig. 6b) is based on the data taken from Fig. 6a . As shown in Fig. 6b , the 3 r /3 m of all PUs increased with 3 m , but with the exception of monoFc-PU (3 r /3 m > 0.2), the 3 r /3 m was observed within 0 and 0.1 for BDO-PU and bisFc-PU. These results further prove that it is not the only factor to increase the mechanical properties of PUs through increasing microphase separation. The superstructure is the key to affecting the mechanical properties of PUs.
Introducing ferrocene and ester bond into the hard segments of PU chains, which will increase the cohesive force of the hard segments that mainly comes from the p-p force of the Cp rings, as well as more H-bonding interaction. These factors can lead to a greater difference about polarity and compatibility between the hard and so segments. However, monoFc-PU did not show the same elastic property as good as bisFc-PU. This result can be ascribed to the unfavourable superstructure of monoFc-PU. Larger and inhomogenous size of superstructure are likely to cause more defects so as to arise local stress concentration (Fig. 3b) and thus turns into a brittle polymer structure. However, due to the high spatial freedom of polar bisferrocenyl diol, the H-bonded geometrical structure will be less ordered and thus texture superstructure of bisFc-PU could be obtained with a relatively low crystallinity. The leaf-shaped and micro-sized superstructure can also act as "dendrite topographies" to improve the mechanical properties. The presence of the extra ester groups will enhance the noncovalent crosslinking interaction among the PUs network and therefore brings bisFc-PU to exhibit a highest elongation at break (1018%) and toughness (19.6 GJ m
À3
). Moreover, bisFc-PU also delivers an excellent elastic shape memory performance. When the thin lm (70 Â 12 Â 0.2 mm) was tested with a load of 4 kg, the shape recovery is up to 99.1% in 1 min while BDO-PU thin lm is failure to perform in the same way (Fig. 7) .
Moreover, the thermo-stability of bisFc-PU was also increased greatly with a T 5% of 345 C by increasing the number of ferrocene centers into the main chain. This is the rst thermoplastic polyurethane elastomers with such high thermostability and excellent mechanical properties, compared to the present reported PUs. 7, 12, 19, 50 Furthermore, the comprehensive performance of such pure polyurethane is even superior to many polyurethane-based composite polymers.
51-56
Conclusions
In summary, a novel chemistry strategy was developed to solve the issue of mutually exclusive high mechanical robustness and thermo-stability for pure polyurethane. Ester-containing ferrocenyl diols were introduced as the chain extenders to tune the thermo-degradation temperatures and mechanical performance. A large number of H-bonds can enhance the noncovalent crosslinking inter-actions of polyurethanes while the unfavourable phase separation and superstructure of polyurethanes can also be modied by the polarity of ferrocenyl molecular structure. Thus a high-performance PU polymer can be synthesized with a high initial degradation temperature of 345 C, a highest tensile strength of 42.3 MPa with a strain over 1000%, as well as a toughness of 19.6 GJ m À3 . Ferrocenecontaining polymers possess outstanding organometallic properties, including air-, heat-and photochemical stability, as well as interesting redox properties. These features will enable them to nd more applications in smart materials and electrochemical areas.
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